. If REM twitches are indeed purposefully generated, then they should be controlled by a coordinated and definable mechanism. Here, we used behavioral, electrophysiological, pharmacological, and neuroanatomical methods to demonstrate that an inhibitory drive onto skeletal motoneurons produces a temporally coordinated pattern of muscle twitches during REM sleep. First, we show that muscle twitches in adult rats are not uniformly distributed during REM sleep, but instead follow a well-defined temporal trajectory. They are largely absent during REM initiation but increase steadily thereafter, peaking toward REM termination. Next, we identify the transmitter mechanism that controls the temporal nature of twitch activity. Specifically, we show that a GABA and glycine drive onto motoneurons prevents twitch activity during REM initiation, but progressive weakening of this drive functions to promote twitch activity during REM termination. These results demonstrate that REM twitches are not random byproducts of REM sleep, but are instead rather coherently generated events controlled by a temporally variable inhibitory drive.
RESULTS AND DISCUSSION
A common misconception about REM (rapid eye movement) sleep is that skeletal muscles are simply inactive, resting in a state known as REM sleep paralysis. However, motor activity during REM sleep is highly dynamic, with barrages of muscle twitches repeatedly punctuating REM sleep paralysis. Traditionally, muscle twitches were considered disorganized byproducts of a dreaming brain, but emerging evidence suggests that muscle twitches are in fact spatiotemporally events that are coordinated across different limb muscles. This recent finding prompted us to determine whether REM twitches within a single muscle group also follow a temporal trajectory.
This study was therefore designed to understand whether motor activity varies as a function of time across individual periods of natural REM sleep. First, we examined how levels of muscle twitch activity and REM sleep atonia change across individual periods of REM sleep. Next, we identified the potential transmitter mechanisms responsible for shaping the temporal changes of motor activity during REM sleep episodes. We used masseter muscle and trigeminal motoneuron activity as an index of motor activity because mechanisms controlling this motor system during REM sleep have been well studied, and dysfunction of masseter muscle activity contributes to disorders of REM sleep such as REM sleep behavior disorder (RBD) [3, 7] .
REM Sleep Duration Predicts Twitch Activity and Dynamics
Because the duration of REM sleep episodes is variable, we first aimed to assess whether twitch activity is influenced by the length of REM sleep episodes. We studied muscle activity across a 3 hr time window in 15 adult rats and found that the average duration of REM sleep bouts was 86 ± 7 s, ranging from 10-225 s in length. Despite this wide range, there was no difference in the frequency with which short, moderate, or long REM sleep episodes occurred ( Figure S1 ). This observation allowed us to determine whether twitch activity varies as a function of REM sleep episode length. We found that the number of muscle twitches was positively correlated with the length of REM sleep episodes (linear regression, r = 0.813, p < 0.001; Figure 1A ). Longer REM sleep bouts experience more twitch activity, whereas shorter episodes exhibit less activity. Unexpectedly however, we found that the frequency of muscle twitches was also positively correlated with REM sleep bout length (linear regression, r = 0.382, p < 0.001; Figure 1B ) such that longer REM episodes exhibit more twitches at faster rates than shorter ones. Although it is not surprising that longer REM episodes experience more twitches than shorter ones ( Figure 1A) , it is surprising that twitch rates vary as a function of REM sleep duration. One possible explanation that may explain this observation is that twitch rates themselves may function to influence REM bout length by signaling arousal from REM sleep (see Conclusions for details). Regardless of interpretation, our data indicate that REM sleep duration predicts both the amount and frequency of twitch activity.
REM Twitches Follow a Temporally Defined Trajectory
We used several different measurements to investigate the temporal distribution of muscle activity within individual REM periods. To quantify the temporal distribution of activity, we divided individual REM episodes into quarters and compared levels of masseter muscle activity within each quarter.
Muscle atonia is a defining feature of REM sleep [3] , but it is unknown whether levels of muscle tone vary across a REM sleep episode. Here, we showed that there is a subtle, but significant, increase in basal muscle tone across REM periods, indicating that levels of muscle tone increase across REM sleep episodes (repeated-measures [RM] ANOVA, p = 0.004; Figure 2A ). We also found that muscle twitch activity changes over the course of REM sleep episodes, with twitch activity being largely absent during REM initiation and then gradually increasing across individual episodes, reaching peak levels of activity during the termination of REM episodes. The frequency of twitch activity approximately doubled from the first to the last quarter of REM sleep episodes (RM ANOVA, p < 0.001; Figures 2B ). In addition, there is a steady increase in both the duration (RM ANOVA, p = 0.004; Figure 2C ) and amplitude (RM ANOVA, p < 0.001; Figure 2D ) of muscle twitches across REM episodes.
The increase in twitch activity was conserved across REM periods of differing lengths. When REM periods were grouped . Collectively, these data indicate that muscle activity is not uniformly distributed across REM episodes, but is instead temporally variable, steadily increasing toward the end of REM episodes. Mechanisms underlying this pattern of activity should therefore follow a similar pattern of differential regulation across REM sleep-i.e., there should be a reduction in overall levels of motoneuron inhibition across REM episodes.
A Dynamic Glycine and GABA A Drive Underlies the Temporal Pattern of REM Sleep Twitches Next, we examined whether glycine and GABA A -receptor-mediated inhibition of motoneurons plays a functional role in controlling the temporal distribution of muscle activity during individual REM sleep episodes. We focused on GABA and glycine inhibition because they play a critical role in modulating motor tone during REM sleep [3, [8] [9] [10] . We recorded masseter muscle activity across the sleep-wake cycle while glycine and GABA A receptors were antagonized (via 0.1 mM strychnine and bicuculline) within the trigeminal motor pool [2] . We then compared the levels of twitch activity and muscle atonia during REM periods during baseline and glycine and GABA A receptor blockade.
Basal levels of motor tone (i.e., atonia) were unaffected by blockade of glycine and GABA A receptors (RM ANOVA, p = 0.115; Figure 3B ), suggesting that REM atonia is not directly mediated by these inhibitory mechanisms [2, 10] . However, blockade of GABA A and glycine receptors had marked effects on twitch activity, substantially increasing overall amounts of twitch activity during REM episodes (RM ANOVA, p = 0.010; Figure 3A) . Heightened twitch activity was due to an increase in both the frequency (RM ANOVA, p = 0.003; Figure 3C ) and duration (RM ANOVA, p = 0.014; Figure 3D ) of twitches, but not twitch amplitude (RM ANOVA, p = 0.171; Figure 3E ).
Next, we aimed to determine how blocking motoneuron inhibition would impact the temporal distribution of twitch activity across individual REM episodes. We did this by dividing REM episodes (n = 107) into quarters and determining the patterns of twitch activity in each quarter during drug treatment (i.e., strychnine and bicuculline application) as compared to baseline conditions (i.e., saline; n = 172 REM episodes). We showed that glycine and GABA A receptor blockade had no effect on the temporal distribution of basal muscle tone (RM ANOVA, p = 0.147; Figure 3B ). We found that the progressive increases in basal muscle tone across REM episodes remained intact even after receptor antagonism ( Figure 3B ), suggesting that temporal changes in REM atonia are not mediated by glycine-and GABA A -mediated inhibition.
However, this same intervention markedly affected the temporal distribution of twitch activity. Blockade of glycine and GABA A receptors substantially increased twitch frequency during the first quarter of REM episodes (RM ANOVA, p = 0.005; Figures  3A and 3C ), increasing twitch rates by 110% above baseline levels, which contrasts with the more modest increase (i.e., 28%-36%) observed during the remaining three quarters of REM episodes. The increased twitch frequency during early REM episodes prevented the normal distribution of augmenting twitch rates (RM ANOVA, p = 0.351; Figure 3C ) such that twitches occurred at the same frequency at the beginning and end of REM episodes, suggesting that levels of inhibition vary across REM episodes, with inhibition being strongest at the beginning and then tapering off toward the end of REM episodes.
Although blockade of glycine and GABA A receptors markedly increased twitch durations (RM ANOVA, duration, p = 0.002; Figure 3D ), it did not affect their temporal distribution across REM episodes. This same intervention also had no effect on either the size or distribution of twitch amplitude (RM ANOVA, amplitude, p = 0.005; Figure 3E ). These results indicate that glycine and GABA inhibition control the temporal distribution of twitch frequency during REM sleep but do not mediate the temporal nature of twitch amplitude or duration.
We also showed that levels of inhibition vary as a function of REM episode length. Under control conditions, twitch rates were lower in short REM episodes and higher in long ones, and blockade of glycine and GABA A receptors prevented this correlation (linear regression, r = 0.0917, p = 0.362; Figures 1D  and 1F ) by disproportionately increasing twitch rates in shorter REM periods as compared to longer ones (note the changes in y intercepts between control and treatment groups; analysis of covariance [ANCOVA], p < 0.001). This observation suggests that overall levels of inhibition are stronger in shorter REM episodes, which would explain why twitch rates increase more in short versus long episodes.
Lastly, we found that blockade of GABA A and glycine receptors also influences the total number of twitches that occur across REM episodes. Receptor antagonism strengthened the positive correlation (ANCOVA, p < 0.001) between twitch number and the length of REM episodes (linear regression, r = 0.837, p < 0.001; Figures 1C and 1E ) such that more twitches occurred during REM episodes regardless of their overall length. This observation indicates that under normal conditions, levels of twitch activity are constrained by glycine and GABA A mechanisms.
Verification of Experimental Interventions
To verify that our manipulations were at the trigeminal motor pool and not due to unintended secondary effects, we performed a series of controls. First, through a variety of measures that have been described in detail in previous publications [1, 2, 11] , we ensured that the pharmacological manipulation used in this study was specific to the motor output of the trigeminal motor nucleus. We also performed post-mortem histology to confirm probe placement within the trigeminal motor nucleus of all rats ( Figure S3 ). Only rats in which all control measures had been rigorously satisfied were included in this study.
Conclusions
REM sleep twitches are typically considered random motor events that result from brief lapses in the inhibitory mechanisms controlling REM paralysis (see [1, 6, 12] ). However, our current findings refute this notion by showing that REM twitches follow a well-defined temporal trajectory that is coordinated by a variable GABA and glycine drive. We found that disinhibition of motoneurons reshaped the progressively increasing distribution of twitch activity to one in which twitches occurred at the same level across the entire REM sleep episode. This finding suggests that inhibition is maximal at REM onset and wanes as REM sleep progresses.
We propose a two-process model that explains how motor patterns are shaped during REM sleep (Figure 4) . We hypothesize that the non-uniform distribution of twitch activity results from a balance between excitatory and inhibitory processes, both of which act at skeletal motor pools. REM twitches are caused by glutamate-driven excitation of motoneurons [1, 13] , and changes both in this excitatory drive and in glycine-and GABA A -mediated inhibition function to shape twitch patterns during REM sleep. At REM onset, strong levels of glycine and GABA inhibition constrain glutamate-mediated twitch activity, but as REM sleep progresses inhibition declines and excitation increases, which functions together to promote increased motor activity (Figure 4) .
Our findings and proposed model advance our understanding of sleep control suggesting that REM sleep mechanisms are not simply switched on and off at the beginning and end of a REM sleep episode, as commonly used terms (e.g., REM-ON and REM-OFF neurons [14] [15] [16] [17] ) imply, but that they are in fact under temporal control. Our data show not only that twitches follow a defined temporal distribution across REM sleep, but also that a variable inhibitory mechanism underlies this phenomenon. Twitches are not the only behavior to exhibit temporal changes during REM sleep. Rates of rapid eye movements and pontogeniculo-occipital (PGO) waves also increase across REM episodes [18] [19] [20] , as do general levels of middle ear and respiratory muscle activity [21] [22] [23] [24] [25] . These observations suggest that augmenting levels of phasic REM sleep events are mediated by a combination of declining levels of inhibition and increasing levels of excitation (as outlined in Figure 4 ), but they more broadly indicate that REM sleep is not a homogenous state that is not simply switched on and off. Instead, REM sleep mechanisms are temporally and dynamically regulated. Our current study shows that levels of muscle atonia also change during REM sleep. We observed subtle, but significant, increases in basal muscle tone across individual REM sleep episodes. This observation underscores the fundamental principle that REM sleep mechanisms are not merely switched on and off at the beginning and end of REM sleep, but vary as a function of time. However, unlike twitching, temporal changes in basal tone are not controlled by glycine and GABA A inhibition, confirming previous evidence that REM atonia is mediated by multiple mechanisms [2, 3, 10, 26] . This observation also indicates that changes in twitch magnitude and distribution are not simply due to the weakening of REM atonia, but rather they are controlled by a distinct GABA A -and glycine-mediated mechanism.
What is the biological purpose of increasing motor activity across individual REM episodes? Recent work shows that REM twitches may be used by the CNS to help fine-tune motor learning during wakefulness [5, [27] [28] [29] [30] [31] . For example, the motor cortex and hippocampus pay close attention to sensory feedback from REM twitches and may use this information to construct, refine, and maintain sensorimotor maps that facilitate waking motor function [4, 28, 32, 33] . This idea casts doubt on the traditional view that REM twitches are random byproducts of REM sleep, but instead suggests that REM twitches serve a purposeful biological function.
Another enticing possibility, which has been previously proposed [34] , is that increased motor activity across REM episodes could function to signal and prepare the brain for impending wakefulness (which follows REM sleep) by reversing the effects of sleep on brain function. This idea is consistent with the fact that REM sleep periods lengthen across the night and that levels of motor activity are higher in longer REM episodes ( Figures 1A  and 1B) . Therefore, examining the distribution of motor activity during REM sleep could provide a window into the potential functions of REM sleep, much like slow-wave activity during NREM (non-rapid eye movement) sleep has been used to gage sleep homeostasis.
Our results also provide potential insight into sleep pathologies such as RBD. RBD is a neurological disorder marked by extreme levels of twitch-like movements that are selectively expressed during REM sleep [35] [36] [37] [38] . The cause of RBD remains unknown, but it is hypothesized to result from degeneration of the brainstem circuits that control REM sleep [35] [36] [37] . Our current data, as well as our previous work [8] , suggest that dysfunction of normal glycine and GABA circuits that generate REM sleep and twitching could contribute to the pathophysiology of RBD.
EXPERIMENTAL PROCEDURES
A complete description of experimental methods is in the Supplemental Experimental Procedures. The top figure illustrates the progressive increase in basal EMG tone and twitch activity across normal REM sleep. The schematic graph below summarizes the putative transmitter mechanisms controlling this temporal pattern of activity. Based on our data outlined in Figures 2 and 3 , we suggest that changes in motor activity patterns result from a balance of inhibition and excitation acting on skeletal motoneurons. Functional evidence shows that inhibition is maximal at REM onset and minimal at REM offset, whereas excitation is minimal at REM onset and maximal at REM offset. The dynamic balance between glycine and GABA inhibition and glutamate excitation is hypothesized to account for the augmenting pattern of basal tone and twitch activity across REM sleep. Impairments in this inhibitory-excitatory balance would affect REM motor control and could explain motor over-activity in RBD.
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